Background. Little is known regarding the optimal treatment of ventriculoperitoneal (VP) shunt infections in adults. Our aim was to assess the efficacy of treatment strategies and to identify factors that predict failure.
Ventriculoperitoneal (VP) shunts drain excess cerebrospinal fluid (CSF) from the cerebral ventricles, commonly to the peritoneal cavity. These devices have dramatically reduced the morbidity and mortality rates associated with hydrocephalus. However, shunt infection is a common complication, with a rate ranging from 5.6% to 12.9% [1] .
Despite the major consequences of infection and the fact that physicians have more than 50 years of experience with this problem, no treatment guidelines are available [2, 3] . Since antibiotics alone offer limited efficacy in the management of VP shunt infection (VPSI) [4, 5] , expert recommendations state that a combination of antibiotic and surgical treatment is required to achieve the best chance of definitive cure. These recommendations are based on case series, expert opinion, and a single prospective randomized study published decades ago [4] . In addition, only a few authors have evaluated shunt infections in adults and none of them included patients carrying a VP shunt exclusively [5] [6] [7] [8] .
The latest research has focused on the prevention of VPSI by implementing standardized protocols [9] or by using antimicrobial-impregnated/silver-processed CSF shunts [10] . However, no attempts have been made to identify risk factors for treatment failure in an episode of VPSI in adults. Moreover, the optimal route of administration and duration of antibiotics, the risk of potential superinfection of CSF temporary drainages or externalized peritoneal VP shunt catheters, and the best timing for shunt exchange have yet to be established.
The initial therapeutic approach is of paramount importance because treatment failure may make additional surgery and supplementary antibiotic courses necessary. This lengthens hospital stay and increases the risk of nosocomial infections.
In this retrospective analysis of a large cohort of adult patients with VPSI, we assessed the efficacy of our treatment strategies and identified factors that predict failure.
A retrospective, observational study was carried out at the Hospital Universitari de Bellvitge (Barcelona, Spain), a referral center for central nervous system infections and neurosurgery in adults; it has a catchment area of more than 1 million inhabitants. Between 1980 and 2014, all episodes of VPSI in patients aged ≥12 years were prospectively identified and recorded. Four independent infectious diseases consultants retrospectively reviewed the medical records of all episodes of CSF shunt infections, and 3 other experts later evaluated each episode according to predefined criteria. The following variables were included in a specifically designed Microsoft Access database: age, gender, underlying neurosurgical disease, reason for CSF shunting, type of CSF shunt, route of infection, clinical presentation, time to diagnosis, laboratory data, microbiological findings, antibiotic treatment received, surgical approach, need for an external ventricular drainage catheter (EVDC) or external lumbar drainage catheter (ELDC), and outcome.
None of the VP shunts were silver coated or impregnated with antibiotics. In accordance with our hospital protocol, a single prophylactic dose of cefuroxime was administered at the time of anesthesia induction.
CSF samples were obtained from an aseptic puncture of the CSF reservoir, through the externalized peritoneal catheter (PCath), or via lumbar puncture. Microorganisms were identified according to standard criteria [11] after samples had been seeded in thioglycolate broth and 5% sheep blood and chocolate agar and incubated for 10 days.
Definitions
An episode of infection was defined as the presence of clinical features compatible with a positive culture from CSF, VP shunt tip, or from exudate swabs obtained from wounds overlying the implant material. The time to infection was established as the number of days between the placement of the VP shunt or its last surgical revision and the onset of symptoms. Coma was defined when patients scored ≤8 in the Glasgow coma scale at admission. Hydrocephalus at admission was diagnosed following Evan's criteria and considered when ventricular size was larger than in a previous computed tomography scan. CSF sterilization time was established as the number of days between the initiation of therapy and first negative CSF culture.
Antibiotic and Surgical Management
In all patients with a suspected VPSI, blood cultures and a CSF sample were recovered. Distal externalization of the PCath was performed in cases of a strong suspicion of infection and/or malfunction. After these procedures, all patients followed our empirical treatment protocol, which has been in place since 1985: intravenous vancomycin 1 g twice daily ± ceftazidime or meropenem 2 g 3 times daily. Before 1985, several empirical combinations of antibiotics included cloxacillin or vancomycin ± aminoglycosides or antipseudomonal penicillins. Once antimicrobial susceptibility was available, antibiotics were adjusted accordingly.
The treatment strategies for all VPSI episodes were classified under the following 4 headings based on an intention-totreat analysis: only antibiotics (OA) without VP shunt removal; VP shunt removal (SR) without shunt replacement; one-stage shunt replacement (OSSR), that is, the VP is removed and replaced by a new device in a 1-step exchange procedure, ideally after the CSF has been sterilized with antibiotics; and twostage shunt replacement (TSSR), that is, a first surgical step to remove the VP shunt, a shunt-free time under antibiotic treatment in order to sterilize the CSF, and a second surgical procedure to reimplant a new device. The need for EVDC/ELDC depends on the type of underlying neurological disorder. The 4 types of strategies include intravenous ± intraventricular antibiotics.
The decision to initiate surgical and antimicrobial therapy was made by the neurosurgeon and the infectious diseases consultant. When the first chosen strategy failed, a salvage therapy was provided, if feasible.
Outcome and Follow-up
Follow-up was recorded by review of hospital admissions and outpatient clinic visits. The primary endpoint was failure of the first treatment strategy and was defined as the lack of definite CSF sterilization within 14 days or related mortality. Cure was defined as cessation of initial symptoms and signs of infection and a negative CSF culture after treatment, if available.
Mortality was recorded during hospital stay and was classified as related to the VPSI if death occurred during treatment and was due directly to a persistent infection or its complications.
Statistical Analyses
Comparative analyses were performed with the χ 2 test or the Fisher exact test for categorical variables, as appropriate, and the Kruskal-Wallis test or the Mann-Whitney U test for continuous variables. Independent predictors of treatment failure were identified via univariate analysis and multivariate logistic regression. We also performed a subanalysis of shunt-dependent patients who required surgery (namely, those undergoing OSSR and TSSR).
All analyses were 2-tailed and a P value < .05 was considered statistically significant. Data were analyzed using SPSS software, version 18.0.
RESULTS

Description of the Series
One hundred and eight episodes of VPSI in 101 patients were included. Fifty-five episodes (51%) occurred in males, and Table 2 . Infection presented a median of 31 days (IQR, 11-254) after surgery, and most episodes were diagnosed within 6 months (72%). The relations between the route of infection, time to infection, and microbiology are shown in Supplementary Table 1.
Treatment Approach
Among the 108 episodes of VPSI, complete data for analysis of treatment approach were available for 86 episodes (80%) in 80 patients.
Intravenous antibiotics were administered in all episodes for a median time of 19 days (IQR, 13-24), while intraventricular antibiotics were administered in 5/86 episodes (6%) for a median time of 10 days (IQR, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Tailored antibiotic therapy is summarized in Table 2 .
Details of the surgical approach are summarized in Table 3 . The choice of surgical strategies has not significantly changed over time, except for the OA strategy, which was abandoned progressively (from 25% in the 1980s to 0% starting in 2000, P < .003) (see Supplementary Figure 1 ). The VP shunt could be removed without further replacement in 24 episodes (28%) a median time of 6 days (IQR 3-9) after diagnosis. None of these patients required further management of their intracranial pressure through CSF drainage.
Shunt exchange was attempted in 56 episodes (65%), TSSR being the most frequent surgical choice (37 episodes [43%]). In TSSR, the first stage was performed within a median of 4 days (IQR, 1-8) of diagnosis. Eighteen patients (49%) required the placement of an EVDC/ELDC. The second stage was feasible in 34/37 episodes (92%) after a median time of 17 days (IQR, 11-27). In 3 episodes (8%) shunt replacement could not be performed due to early mortality. OSSR was attempted in 19 episodes (22%), in 17 of which the PCath was previously externalized (90%). The replacement was completed in 10/19 cases (53%) after a median time of 18 days (IQR, 11-29).
Outcome
Sixty of 86 (70%) episodes were cured after a median follow-up of 36 weeks (IQR, . Failure was observed in 26/86 (30%) episodes; in 16 (19%) there was lack of CSF sterilization, 7 (8%) episodes presented related death with infection, and 3 (4%) presented both. The 16 patients with lack of CSF sterilization underwent salvage therapy, and in all but 1, CSF sterilization was finally achieved (Supplementary Figure 2) .
The univariate analysis showed that episodes with an unfavorable outcome presented more frequently with coma at admission (15% vs 0%), higher CSF white blood cell count (90 [IQR, vs 24 ), and were more likely to be treated with shunt retention (50% vs 2%; see Table 4 ). In the multivariate analysis, the only independent risk factor for treatment failure was management that included VP shunt retention (odds ratio [OR], 46.040; 95% confidence interval [CI], 5.301-399.875; P < .001). A nonsignificant progressive downfall in the percentage of failure was observed over time (from 38% in the 1980s to 27% in the last decade; P = .572; see Supplementary Figure 1 ). The etiology of infection was not associated with failure, although episodes caused by GNB presented higher failure rates (23% vs 10%; P = .181). The effect of antibiotics on prognosis was difficult to analyze, as etiologies and regimes were heterogeneous. Still, among episodes of staphylococcal infection, the use of rifampin was associated with a nonsignificant better prognosis; only 1 failure (14%) was observed in the 7 patients treated with rifampin vs 16/44 (36%) who did not receive it (P = .421). Interestingly, the only episode that failed and included rifampin was treated with OA. Regardless of the surgical strategy chosen, removal of the VP shunt was associated with a better outcome (Tables 3 and 4) . Episodes treated with TSSR or SR had a higher cure rate (89% and 83%, respectively) than those treated with the other 2 strategies (P < .001). There were no statistical differences in mortality between strategies (P = .408).
Superinfection of the EVDC/ELDC or externalized PCath was present in 9/86 (10%) episodes and did not lead to any changes in the first strategy chosen. Complications related to the placement of an EVDC/ELDC were present in 7/22 (32%): infection of the ELDC (3) or EVDC (1), EVDC blockages requiring at least 1 change (2), and intraparenchymal hemorrhage secondary to its placement (1) . None of the infections caused mortality. Superinfection of the externalized PCath occurred in 5 episodes after a median of 18 days of externalization (IQR, 12-53).
Related mortality was recorded in 10 episodes. The median time from diagnosis to death was 34 days (IQR, 13-43 days).
Three patients (30%) died due to persistent infection with severe ventriculitis. The other 7 (70%) had a sterile CSF at time of death but presented several complications related to infection: 3, neurologic impairment; 2, respiratory failure; 1, gastrointestinal bleeding; and 1 candidemia.
TSSR vs OSSR
Episodes failed more frequently with OSSR than TSSR (13/19 [68%] vs 4/37 [11%]; OR, 17.875; 95% CI, 4.327-73.850; P < .001). Consequently, hospital stay was longer in OSSR than in TSSR (58 days vs 40 days; P = .009). A nonsignificant trend toward higher related mortality and longer intravenous treatment was observed among patients managed with OSSR (21% vs 8%; P = .212 and 24 days vs 19 days; P = .312, respectively; see Table 3 ).
Only 10/19 (53%) patients managed with OSSR appeared to achieve CSF sterilization and, for this reason, underwent 1-step shunt exchange, as planned. However, of these 10, 4 experienced failure after the replacement, primarily due to persistence of the same infection, and only in 1 episode due to a related death. The replacement was performed at a median time of 21 days (IQR, [18] [19] [20] [21] [22] in the 6 episodes that were cured, and at a median time of 11 days (IQR, 3-17; P = .032) in the 4 episodes that finally failed. According to a preanalytical plan, the initial multivariate analysis included the variables sex, age, infection caused by gram-negative bacilli, as well as those parameters with a P value <.05 in the univariate analysis, that is, ventriculoperitoneal shunt retention and CSF white blood cell count. The parameter "coma" was not included in the model because of statistical problems due to its inherent inability to predict failure. All of these variables were submitted to a backward stepwise selection process. Variables included in the initial model but excluded during this process are identified by a hyphen (-).
Abbreviations: CSF, cerebrospinal fluid; IQR, interquartile range. a Hydrocephalus at admission was diagnosed following Evan's criteria and considered when ventricular size was increased. Spanu et al [6] Sacar et al [13] Brown et al [18] Conen et al [7] von der Breile et al [8] Our 
DISCUSSION
Our series is the largest cohort of VPSI in adults published to date and the first study designed to evaluate the treatment outcome in VPSI focusing on CSF sterilization, mortality, and superinfection. As such, it offers a more complete perspective of management than previous reports. We also performed the first statistical analysis to evaluate risk factors and concluded that management, including VP shunt retention, was the only statistically significant predictor of failure. Ninety-three percent of episodes were treated using a strategy that combined antibiotic and surgical treatment. Removal of the infected device is standard practice in foreign body-associated infections, since the odds of curing the infection are increased [12] . Therefore, when a VPSI is diagnosed, the treatment strategy must be decided upon immediately, and the need for the VP shunt must be reconsidered. Among patients who are not CSF shunt dependent, SR is the preferred strategy. The clinical challenge lies in the treatment of patients who do need the CSF shunt, which is why we focused on them in this study.
TSSR was the most successful strategy, with a cure rate of 89%, similar to the rates reported in previous studies (86%-100%; see Table 5 ) [6] [7] [8] 13 ]. In addition, TSSR presented low mortality (8%) and the highest CSF sterilization rate (95%). Many patients undergoing TSSR may need an EVDC/ELDC (50% in our cohort). Little information is available about complications related with EVDC/ELDC placement, but it may lead to a worse outcome.
In our study, complications, including superinfection of the ELDC/EVDC, did not require any important diversion from the treatment plan and did not lead to a fatal outcome. The ideal time between removal of the infected VP shunt and placement of a new one in order to guarantee cure has not been established. In our experience, the second-step surgery was performed after a median of 17 days, a period that is in the lower range of previous reports (18-30 days) [7, 8] . However, in 25% of our episodes managed with TSSR, the VP shunt was replaced within 12 days with no relapse. In those episodes, a CSF culture sample was taken through a different drainage catheter during the first surgical procedure, with antibiotic treatment until the results were available. If negative, the new VP shunt was placed safely in a shorter time.
In contrast to the results of TSSR, the outcome of our patients managed with OSSR was poor; the cure rate was 33%, which is much lower than the 88% reported in a similar series of adult CSF shunt infection [7] . These differences may be partially due to methodological and inclusion criteria. For example, half of our episodes could not actually have their VP shunt exchanged due to lack of CSF sterilization or blockages while the PCath was being externalized. This is a situation that reflects the real likelihood of failure when CSF sterilization with intravenous antibiotics is attempted. In addition, the number of GNB infections, supposedly associated with a worse outcome [14] , was higher in our series. However, in the OSSR group in whom the VP shunt replacement was finally performed, the cure rate was 60%, similar to the rates reported in other pediatric cohorts [15] [16] [17] . In any case, it is important to note that some patients who appeared to have CSF sterilization at the time of VP shunt replacement relapsed after surgery. In fact, in patients in whom OSSR failed, the replacement was performed a median of 11 days earlier than in whom it succeeded. On the other hand, superinfection of the externalized PCath occurred in 21% of OSSR patients within a median time of 18 days. In our opinion, if OSSR is chosen, absolute CSF sterilization must be confirmed before replacement and the time of PCath externalization while the patient receives antibiotics must be weighed against the critical risk of superinfection. Episodes treated with OSSR presented significantly longer hospital stays than those treated with TSSR, leading to higher overall costs.
We cannot be certain that OSSR and OA would not have led to a higher and faster CSF sterilization rate if antimicrobial therapy had been optimized using systemic antibiotics with a more bactericidal profile, such as daptomycin or rifampin and/ or intraventricular antibiotics. Addition of rifampin to the staphylococcal VPSI treatment without shunt removal seemed to be effective in selected patients [7, 18] . Although only a small number of our patients received rifampin, our data also suggest a better outcome for patients treated with a rifampin-based combination. While the role of intraventricular antibiotics remains controversial [19, 20] , one report has claimed success in selected patients with coagulase-negative staphylococci shunt infections with a functioning system using intraventricular vancomycin plus systemic rifampin without shunt removal [18] . Unfortunately, in our limited experience, we did not identify any differences in prognosis.
The treatment of a VPSI with OA alone is discouraged by the low cure rate observed in our patients (17%) and in previous cohorts [4, 5, 15, 16] , although further research using new antibiotics is required [21] [22] [23] . However, a notable exception to the rule of VP shunt removal is community-acquired bacterial meningitis, in which patients should be treated in the same way as those without VP shunts and which has a good prognosis.
Our study has several limitations. First, the decision to choose a first-line strategy or to start salvage therapy did not follow a defined protocol, a circumstance that may have biased our treatment groups and consequently our results. Specifically, there may be a selection bias, as the patients who did not undergo VP shunt removal may have presented underlying diseases and would therefore have been poor surgical candidates. Second, the nonsystematic use of intraventricular antibiotics and rifampin may have worsened our failure rate. Last, the sample size in some of the treatment groups was small, and we might not find strong statistically significant results.
In summary, VP shunt removal, particularly TSSR when the patient is shunt-dependent, remains the optimal choice of treatment of VPSI in adults and does not increase morbidity. OSSR and OA had a high failure rate but, if chosen, require careful management and an optimized antimicrobial schedule.
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